To corroborate these results we used the GAL4-based N-terminal protein A tag; this strain displayed slow two-hybrid system. Plasmids carrying the GAL4 DNA growth at 15ЊC (data not shown). Extracts from ProtAbinding domain fused to SSU72 (pBD-SSU72) or mutant SSU72 and ProtA-PFS2 strains and from a strain exssu72-2 (pBD-ssu72-2), and plasmids carrying the GAL4 pressing a protein A-tagged version of the CF IA subunit activation domain fused to test genes (pACT-YDH1, Rna15p were purified on IgG-agarose. Western analyses pACT-PTA1, pACT-SUA7, and pACT-RPB2) were corevealed that ProtA-Ssu72p and ProtA-Pfs2p eluates transformed in strain Y190. Positive two-hybrid interaccontained CPF subunits ( Figure 1D, lanes 1 and 2; tions activate transcription of a HIS3 reporter gene and Ysh1p/Brr5p, Pfs2p, Fip1p, and Pap1p) but not CF IA allow growth on medium lacking histidine. pBD-SSU72 subunits (Rna14p, Rna15p, or Pcf11p). In contrast, CF IA and pBD-ssu72-2 did not promote growth in the presbut no CPF subunits were present in the ProtA-Rna15p ence of empty pACT ( Figure 2C ). No His ϩ phenotype eluate (lane 3).
was observed when pACT-SUA7 (TFIIB) was tested in ProtA-Ssu72p and ProtA-Pfs2p eluates were inactive the presence of either wild-type or mutant SSU72 (data for cleavage of synthetic CYC1 pre-mRNA ( Figure 1E , not shown). pACT-PTA1 gave a His ϩ growth phenotype lanes 3 and 4). Addition of CF IA gave 5Ј and 3Ј cleavage under stringent conditions (35 mM 3-amino-1,2,4-triproducts together with cryptic cleavage products (lanes azole; 3-AT) with pBD-SSU72 that was strongly reduced 5 and 7). Cryptic cleavage occurred due to the absence with pBD-ssu72-2. pACT-YDH1 and pACT-RPB2 gave of CF IB (Minvielle-Sebastia et al., 1998) and was supa His ϩ phenotype under moderate stringency (17.5 mM pressed by addition of CF IB (GST-Nab4p; lanes 6 and 3-AT) that was reduced with pBD-ssu72-2. 
Gene-Specific Defects of RNA Synthesis
accumulate as stable RNAs, loss of RNAP II transcription would be predicted to result in underaccumulation due in ssu72-2 Cells An ssu72-2 strain was generated which was ts lethal; to dilution during continuing cell division. Notably, levels of the U24 host mRNA ASC1 were strongly reduced in ssu72-2 cells doubled at least twice before ceasing growth after 6 hr at 37ЊC ( Figure 3D ). To correlate the ssu72-2 mutant. We observed two forms of snR13 snoRNA. In addition to the mature 124 nt species ssu72-2 lethality with in vivo phenotypes, we analyzed steady-state RNAs extracted from wild-type and mutant (snR13 m ), a shorter RNA (snR13 s ) increased in abundance in ssu72-2 cells with increasing time at 37ЊC (Figcells before and after shift to 37ЊC by Northern analyses ( Figure 3A) . Levels of RNAP I-transcribed 18S rRNA and ure 3B, lanes 5 and 6). Primer extension analysis revealed that snR13 s resulted from an altered 5Ј end RNAP III-transcribed 5S rRNA remained stable at 37ЊC. Quantification of the tested mRNAs and normalization ( Figure 3C ). In addition to the primer extension product corresponding to the 5Ј end of snR13, an ‫61ف‬ nt shorter relative to rRNA levels revealed reductions to the following levels after 6 hr at 37ЊC: 68% for PGK1, 64% for product accumulated in ssu72-2 cells (lanes 4-6). snR13 s might result from altered start site usage. However, all CYH2, 56% for CYC1, 48% for ACT1, and 40% for ADH1.
Levels of U14 snoRNA that are transcribed by RNAP known mutants that affect start site selection shift from usage of the correct site to minor sites that also occur II in tandem with snoR190 and of intron-encoded U24 snoRNA remained constant, indicating that synthesis in the wild-type (Hampsey, 1998). Since we could not detect snR13 S in wild-type, posttranscriptional trimming of these RNAs was unaffected. Although U14 and U24 The association of Ssu72p with CPF raised the possito stabilize transcriptional readthrough products. Total RNAs from ssu72-2, ⌬rrp6, and ssu72-2/⌬rrp6 strains bility that it might be required for 3Ј end formation activities. To test this we examined extracts from ssu72-2 obtained before and after shift to 37ЊC were analyzed by Northern blotting. In the double mutant strain, the and ProtA-SSU72 cells for in vitro cleavage and polyadenylation. Figure 3E shows that wild-type, ssu72-2, and normal CUP1 mRNA and an extended (approximately 1.7 kb) species accumulated (CUP1 l ; Figure 4Ai , lanes ProtA-SSU72 extracts efficiently cleaved and polyadenylated a CYC1 pre-mRNA (lanes 2-4) . A fip1-1 extract 8 and 9). Overexposure revealed low levels of CUP1 l also in ssu72-2 but not in wild-type or ⌬rrp6 strains served as control and was active in pre-mRNA cleavage but lacked polyadenylation activity (lane 5) (Preker et (Figure 4Aiii, lanes 1-7) . CUP1 expression is increased when cells are shifted from 25ЊC to 37ЊC (Figure 4Ai,  al., 1995) . These results indicated that the ssu72-2 mutation did not interfere with 3Ј end formation activities in lanes 1 and 2). Strikingly, CUP1 levels in ssu72-2/⌬rrp6 cells grown at 25ЊC were higher compared to levels in vitro.
wild-type cells grown at 37ЊC (Figure 4Aii) the surveillance of nuclear mRNA levels (L. Milligan and summary, we found that low levels of extended transcripts appeared for some tested mRNAs in the ssu72-D. Tollervey, personal communication). This could explain why the ssu72-2 single mutant strain did not show 2/⌬rrp6 strain; this effect was clearly more pronounced for CUP1. The presence of CUP1 l in ssu72-2 cells sugincreased CUP1 levels.
Interestingly, transcription by RNAP II that lacks a gested that this mutation caused this effect. Moreover, we predict that Rrp6p is involved in the turnover of the CTD produced a dicistronic CUP1-YHR54c RNA ( Figure  4B) (McNeil et al., 1998) . To test whether a similar tranextended RNAs. script accumulated in the ssu72-2/⌬rrp6 strain, we targeted RNase H degradation with oligonucleotides to Defective Transcription Elongation Contributes to the ssu72-2 Growth Defect positions downstream of the CUP1 polyadenylation site and performed Northern analysis. CUP1 l transcripts Transcription run-on analysis (TRO) monitors the production of nascent transcripts and reflects the relative were reduced in size dependent on the oligonucleotide employed ( Figure 4C ), proving that they were 3Ј-extended density of RNAP II molecules along a gene. ssu72-2 cells were tested by TRO with a GAL1/10-controlled CYC1 forms of CUP1 that resulted from transcriptional readthrough at the CUP1 terminator. Copurification of CUP1 l gene ( Figure 5A ) (Birse et al., 1998) following growth in synthetic galactose-based medium at 25ЊC and 37ЊC. with poly(A) ϩ RNA indicated that it was polyadenylated ( Figure 4D ). To test whether stabilization of extended Correct termination at the CYC1 terminator results in run-on signals over probes spanning P1-P3, but not transcripts was a general feature of the ssu72-2/⌬rrp6 strain, we examined several other mRNAs. For HSP82 P4-P6 regions (Birse et al., 1998). ssu72-2 cells grown at 25ЊC or 37ЊC did not have a significantly increased and SSA4 mRNAs, detectable smears of extended RNAs were visible at 37ЊC (Figures 4Aiv and 4Av, lane 9) . In RNAP II density downstream of the CYC1 terminator ( Figure 5B) ; however, the P2 signal was somewhat incontrast, no extended transcripts could be seen when CYH2 or ACT1 mRNAs were tested (data not shown). In creased. The absence of Rrp6p could potentially ac- count for the readthrough observed in the ssu72-2/⌬rrp6 the signal over P2 compared to P1 increased up to 5-fold in ssu72-2 cells when transcription was induced strain. However, TRO analyses of ⌬rrp6 and isogenic wild-type strains did not reveal a termination defect following growth at 37ЊC but not 25ЊC. The concomitant decrease of the relative RNAP II density before and (data not shown). We conclude that 3Ј-extended CUP1 transcripts observed in ssu72-2 and ssu72-2/⌬rrp6 cells behind the P2 region indicated that RNAP II molecules get trapped at the pause site within P2. This suggested did not result from a general defect in RNAP II termination. a defect of ssu72-2 cells in elongation. To test whether the pile up of RNAP II can be observed with other muThe absence of clear TRO phenotypes might result from the low penetrance of the ssu72-2 mutation that tants in CPF, we analyzed a pta1-1 mutant strain (O'Connor and Peebles, 1992) under the same conditions. At might be enhanced when CYC1 expression is induced at the nonpermissive temperature. Interestingly, TRO 25ЊC the pta1-1 strain behaved like wild-type. TRO signals were clearly reduced when transcription was inanalyses of wild-type cells that were induced following growth at 25ЊC or 37ЊC revealed an approximately 2-fold duced after shift to 37ЊC, but quantification revealed that the relative intensity of P2 signals compared to P1 increase of run-on transcripts over P2 compared to P1 ( Figure 5C ). Since P2 still lies within the transcribed did not increase at 37ЊC. These observations indicated distinctly different defects of pta1-1 and ssu72-2 strains CYC1 region, transcription elongation appeared limiting under these conditions. Potentially, a pause site within in transcription. We did not further investigate pta1-1 here, but conclude that the pile up of RNAP II within the the P2 region was involved in this observation. Strikingly, Figure 6 . Influence of 6-AU on ssu72-2 Growth Ten-fold serial dilutions of wild-type and ssu72-2 strains grown in liquid YPD medium (1% yeast extract, 2% bacto-peptone, 2% glucose) at 25ЊC were spotted on the same medium (plus 2% agar) containing the indicated amounts of 6-AU (upper panels). The same strains transformed with pRS416 (URA3-CEN) were grown in synthetic medium (SD-ura; 0.67% yeast nitrogen base, 2% glucose, 1ϫ complete drop out mix lacking uracil) at 25ЊC and spotted on the same medium (plus 2% agar) containing the indicated amounts of 6-AU (middle panels). The time of growth was 3 days for all panels at the respective temperatures (indicated on the left). The bottom panel shows enlarged images of strains grown on SD-ura plus the indicated amount of 6-AU at 30ЊC to better visualize differences in colony size.
CYC1 gene observed in ssu72-2 cells is not a general on YPD medium. At higher temperatures (36ЊC), no suppression was observed with the tested amounts of 6-AU. feature of mutants in CPF.
6-azauracil (6-AU) inhibits enzymes required for the At 33ЊC, 1 g/ml 6-AU gave strong suppression on SDura; higher concentrations resulted in strongly desynthesis of UTP and GTP (Exinger and Lacroute, 1992). The decrease of intracellular ribonucleotide levels is becreased growth of both wild-type and mutant cells. Interestingly, we observed that colonies of mutant cells were lieved to reduce RNAP II transcription and to cause hypersensitive phenotypes of mutants that affect elonclearly larger compared to wild-type at 30ЊC in the presence of 25 g/ml 6-AU; with higher concentrations of gation. Notably, several alleles of RPB2 that display 6-AU sensitivity also showed increased transcriptional 6-AU (50-75 g/ml), this effect was less pronounced. Taken together, we observed that suppression of the arrest at pause sites in vitro (Powell and Reines, 1996). Since the rpb2-100 allele was isolated as suppressor of ssu72-2 growth deficiency at nonpermissive temperatures was strongly dependent on 6-AU concentrations. the ssu72-2 growth defect (Pappas and Hampsey, 2000), we reasoned that 6-AU might duplicate this suppresConversely, the ssu72-2 mutation reduced 6-AU-mediated growth inhibition on SD-ura medium at permissive sion. We tested this by growing wild-type and ssu72-2 cells on rich YPD medium or by growing the same strains temperature. This suggested that the ssu72-2 growth defect could be rescued by reduction of intracellular carrying a CEN-URA3 plasmid on synthetic medium lacking uracil (SD-ura). Both strains grew without any GTP and UTP levels. These observations provided additional and independent evidence that ssu72-2 cells are apparent differences on YPD and SD-ura at 30ЊC ( Figure  6 ). The mutant displayed a ts phenotype on YPD and defective in elongation. We conclude that defective elongation in ssu72-2 cells contributes to lethality and SD-ura at 33ЊC. Growth inhibition was strongly suppressed with increasing amounts of 6-AU (25-100 g/ml)
that the same deficiency opposes the effects of 6-AU. that we propose to involve Ssu72p/CPF might therefore act to avoid collision at chromatin structures that inwith already elongating RNAP II. Our analyses suggested that interactions of Rpb2p, TFIIB, Ydh1p, and crease the chance of pausing. Furthermore, differences in the chromatin environment could account for the Pta1p were impaired with mutant ssu72-2p. Reduced interactions of Ssu72p or CPF, respectively, with RNAP gene-specific defects we observed in the ssu72-2 mutant. II may therefore account for the deficiencies in ssu72-2 mutant cells. At this point we cannot exclude that the How do Ssu72p/CPF influence RNAP II during termination? A defect in elongation would be expected to ssu72-2 mutation indirectly affects other CPF-RNAP II interactions, e.g., by reduced recruitment of CPF to prooppose defects in termination by decreasing the probability of transcription beyond the 3Ј end of a gene. Conmoters. Because of this limitation, we will refer to defects in ssu72-2 cells as associated with Ssu72p/CPF for the sistent with this, we did not find a general termination defect in ssu72-2 cells. The association of Ssu72p/CPF remainder of the Discussion section.
The analysis of factors involved in transcription elonwith the RNA substrate during poly(A) site recognition in the wild-type may mirror reduced protein-protein ingation in vivo is severely limited by the lack of suitable assay systems. We found by TRO analysis of a GAL1/10-teractions that we think cause the defect during elongation in the ssu72-2 mutant. Defects in mutant cells during controlled CYC1 gene that elongation appears limiting within the initial hours of induction in wild-type cells. elongation may therefore be functionally relevant for termination in the wild-type cell. Relief of the negative The reason for this observation is unclear but may result from an initial restriction in the availability of factors effect of Ssu72p/CPF on RNAP II during elongation may function to increase the probability of stalling during required for elongation. Since the ssu72-2 mutation clearly enhanced RNAP II pausing within the CYC1 gene termination. Such a mechanism may involve RNAP II pause sites that were suggested to synergize with upunder these conditions, we propose that 
